IL-6 is a multifunctional proinflammatory cytokine that is elevated in the serum of patients with pulmonary arterial hypertension (PAH) and can predict the survival of patients with idiopathic PAH (IPAH). Previous animal experiments and clinical human studies indicate that IL-6 is important in PAH; however, the molecular mechanisms of IL-6-mediated pathogenesis of PAH have been elusive. Here we identified IL-21 as a downstream target of IL-6 signaling in PAH. First, we found that IL-6 blockade by the monoclonal anti-IL-6 receptor antibody, MR16-1, ameliorated hypoxiainduced pulmonary hypertension (HPH) and prevented the hypoxia-induced accumulation of Th17 cells and M2 macrophages in the lungs. Consistently, the expression levels of IL-17 and IL-21 genes, one of the signature genes for Th17 cells, were significantly up-regulated after hypoxia exposure in the lungs of mice treated with control antibody but not in the lungs of mice treated with MR16-1. Although IL-17 blockade with an anti-IL-17A neutralizing antibody had no effect on HPH, IL-21 receptor-deficient mice were resistant to HPH and exhibited no significant accumulation of M2 macrophages in the lungs. In accordance with these findings, IL-21 promoted the polarization of primary alveolar macrophages toward the M2 phenotype. Of note, significantly enhanced expressions of IL-21 and M2 macrophage markers were detected in the lungs of IPAH patients who underwent lung transplantation. Collectively, these findings suggest that IL-21 promotes PAH in association with M2 macrophage polarization, downstream of IL-6-signaling. The IL-6/IL-21-signaling axis may be a potential target for treating PAH.
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pulmonary arterial hypertension | interleukin-21 | interleukin-6 | Th17 cells | M2 macrophage P ulmonary arterial hypertension (PAH) is a debilitating disease characterized by arteriopathy in the small to mediumsized distal pulmonary arteries that is associated with arterial muscularization, concentric intimal thickening, and the formation of plexiform lesions (1, 2) . Inflammation and autoimmunity currently are recognized as critical contributors to the pathogenesis of PAH (3, 4) . Inflammatory cells such as T cells, B cells, and macrophages infiltrate the plexiform lesions in patients with advanced PAH. Thus, proinflammatory cytokines produced by these cells may be responsible for the hyperproliferation of pulmonary artery endothelial cells (PAECs) and pulmonary artery smooth muscle cells (PASMCs) (5, 6) .
IL-6 is a multifunctional proinflammatory cytokine linked to numerous autoimmune diseases (7, 8) . Patients with idiopathic PAH (IPAH) exhibit increased IL-6 serum levels, which correlate with their prognoses (3, 9, 10) . Consistent with these findings, lung-specific IL-6 transgenic mice display spontaneous pulmonary hypertension in normoxia and develop greatly exaggerated hypoxia-induced pulmonary hypertension (HPH) (11) , whereas IL-6-deficient mice show resistance to HPH (12) . These findings suggest that IL-6 has a significant role in the pathogenesis of pulmonary hypertension; however, the downstream target(s) of IL-6 in HPH have been elusive.
T-helper cells are comprised of three subsets, Th1, Th2, and Th17 cells, which are defined by the cytokines they produce (13, 14) . Th17 cells, a subset of IL-17-producing effector T cells, play important roles in the pathogenesis of autoimmune diseases such as rheumatoid arthritis (13, 14) . IL-6 together with TGF-β promotes the differentiation of Th17 cells (14, 15) . However, the involvement of Th17 cells in the pathogenesis of HPH has not been determined.
Macrophages undergo differential polarization that generates three distinct macrophage populations: the classically activated (M1), alternatively activated (M2), and anti-inflammatory (regulatory) macrophages (16) (17) (18) . Upon their activation by IFN-γ and TNF-α, M1 macrophages exert microbicidal and tumoricidal effects by producing inducible nitric oxide synthase and IL-12p40
Significance
Pulmonary arterial hypertension (PAH) is a serious disease characterized by vascular remodeling in pulmonary arteries. Although an elevated IL-6 serum level correlates with poor prognosis of PAH patients, it is unclear how IL-6 promotes PAH. Here we identified IL-21 as a downstream target of IL-6 signaling in PAH. In mice with hypoxia-induced pulmonary hypertension (HPH), Th17 cells and M2 macrophages accumulate in the lungs after hypoxia exposure. IL-21 primarily derived from Th17 cells promotes M2 macrophage polarization. Consistently, IL-21 receptor-deficient mice show resistance to HPH with no accumulation of M2 macrophages in the lungs. IL-21 and M2 macrophage markers were upregulated in the lungs of patients with end-stage idiopathic PAH. These findings suggest promising therapeutic strategies for PAH targeting IL-6/ IL-21-signaling axis. (17, 18) . In contrast, M2 macrophages are activated by IL-4 and IL-13 and characteristically express arginase-1 (Arg1), found in inflammatory zone-1 (Fizz1), chitinase 3-like-3 (Ym1), and mannose receptor, C type lectin-1 (MRC-1) (16) (17) (18) . Intriguingly, M2 macrophages recently were reported to play a critical role in HPH (19) ; however, the molecular mechanisms underlying macrophage polarization in HPH are unknown.
Here, we examined the roles of IL-6 and its downstream signaling targets in the pathogenesis of HPH in mice. We found that the IL-6/IL-21-signaling axis played critical roles in the development of HPH in association with M2 macrophage polarization. Consistent with these findings in mice, large numbers of IL-21
+ cells and M2 macrophages were detected in the lungs of patients with IPAH. Taken together, these findings indicate a conserved role for the IL-6/IL-21-signaling axis in mouse HPH and human PAH (HPAH) and suggest promising targets for treating PAH.
Results
Hypoxia-Induced IL-6 Expression in Mouse Pulmonary Vessels. We first examined the Il-6 mRNA levels in the lungs of C57BL/6 mice after hypoxia exposure using quantitative RT-PCR (qRT-PCR). The Il-6 mRNA levels peaked on day 2 and returned to basal levels by day 7 after hypoxia exposure (Fig. 1A) . Consistent with this finding, immunohistochemical analysis demonstrated strong IL-6 induction in the intima and medial layers of the arterioles and small arteries of the lung on day 2 after hypoxia exposure (Fig. 1B) .
IL-6
Blockade by MR16-1 Prevents HPH. IL-6 signaling is transduced primarily by STAT3. Thus, we examined the tyrosine-phosphorylation of STAT3 in the lungs of mice. Although tyrosinephosphorylation of STAT3 was strongly induced by hypoxia exposure in the lungs of mice treated with control antibody, it was attenuated in those treated with the anti-IL-6 receptor (IL-6R) antibody MR16-1 (Fig. 1C) . Next, we investigated the effect of IL-6 blockade on HPH development by measuring the right ventricular systolic pressure (RVSP), Fulton's index [right/(left + septum) ventricular weight], and the medial wall thickness index, which is estimated by elastic Van Gieson staining of the pulmonary arterioles (Fig. 1D) . In control antibody-treated mice, hypoxia exposure for 4 wk induced significant increases in the RVSP, Fulton's index, and medial wall thickness index, compared with the values observed under normoxic conditions (Fig.  1 E-G) . In contrast, the hypoxia-induced elevation of these parameters was significantly inhibited by treatment with MR16-1 (Fig. 1 E-G) . Similarly, thickened medial vascular walls were detected in the lung sections of control antibody-treated mice but not in those of mice treated with MR16-1 (Fig. 1H ). Under normoxia, there was no significant difference in the physiological parameters of mice treated with control antibody and those treated with MR16-1 (Table S1 ). These data suggest that IL-6 blockade by MR16-1 effectively prevents HPH.
IL-6 Blockade Abrogates Hypoxia-Induced Accumulation of Th17 Cells in the Lungs. IL-6-dependent accumulation of Th17 cells promotes the development of inflammatory diseases, such as rheumatoid arthritis (20) . Thus, we examined the involvement of Th17 cells in HPH by measuring the mRNA levels of Il-17A, a Th17 signature gene. Hypoxia-induced Il-17A in the lungs peaked on day 2 and declined on day 7 but remained slightly higher than the basal level on and after day 7 ( Fig. 2A) . We next examined the mRNA levels of IL-17A and other Th17 signature gene, such as Rorc (retinoic acid receptor-related orphan receptor-c, also known as "Ror-γt"), and IL-17-downstream chemokines, such as Cxcl1 and Cxcl5, in the lungs of mice exposed to hypoxia for 2 d. The mRNA levels of all these genes were significantly up-regulated in the lungs of control antibody-treated mice but not in those of mice treated with MR16-1 ( Fig. 2 B-E) . The IL-17A protein levels also were increased after hypoxia in the lungs of control antibody-treated mice but not in those of mice treated with MR16-1 (Fig. 2 F and G) . In addition, exposure to hypoxia for 3 d led to significantly increased Th17 numbers in the lungs of control antibody-treated mice but not in those of mice treated with MR16-1 ( Fig. 2 H and I) . In contrast, there was no substantial difference in Th1 and Th2 numbers in the lungs of mice treated with control antibody or with MR16-1 exposed to hypoxia (Fig. S1 ). These findings suggest that IL-6 is critical for the hypoxia-induced accumulation of Th17 cells in the lungs.
We next examined the effect of IL-17 blockade on HPH (Fig.  2J) . Treatment with an anti-IL-17A neutralizing antibody had no inhibitory effect on the hypoxia-induced elevation in RVSP and Fulton's index compared with control antibody treatment, indicating that IL-17 is not required for HPH development ( (21) . We found that the Il-21 mRNA level peaked on day 2, remained elevated until day 14, and returned to the basal levels on day 28 after hypoxia exposure (Fig. 3A) . Hypoxia induced a significantly up-regulated Il-21 mRNA level in the lungs of mice treated with control antibody but not in the lungs of mice treated with MR16-1 (Fig. 3B) . Similarly, hypoxia-induced IL-21 protein levels were increased significantly in the lungs of mice treated with control antibody but not in those treated with MR16-1 ( Fig. 3 C and D) . In addition, hypoxia induced significantly increased numbers of Th17 cells, which produce both IL-17 and IL-21, in the lungs of mice treated with control antibody but not in those treated with MR16-1 (Fig. 3 E-G). These findings suggest that IL-6 promotes the accumulation of IL-21-producing Th17 cells in the lungs after hypoxia exposure.
We also examined the effect of IL-17A blockade with anti-IL-17A neutralizing antibody on the level of IL-21 expression in the lungs after hypoxia exposure. IL-17A blockade significantly attenuated hypoxia-induced up-regulation of IL-21 in the lungs of mice after hypoxia exposure ( Fig. 2 M-O) . These findings suggest that IL-17 is in part involved in the hypoxia-induced upregulation of IL-21.
IL-21
Receptor Knockout Mice Are Resistant to HPH. We next evaluated the effect of hypoxia on IL-21 receptor (IL-21R) knockout (IL-21RKO) mice ( Fig. 3H) (22) . WT mice exposed to hypoxia for 4 wk exhibited significantly increased RVSP, Fulton's index, and medial wall thickness compared with mice exposed to normoxia ( Fig. 3 I-K) . In contrast, the hypoxia-induced elevation of these parameters was inhibited significantly in IL-21RKO mice ( Fig. 3 I-K). Similarly, remodeling of the medial vascular walls following hypoxia exposure in WT mice also was inhibited significantly in the lungs of IL-21RKO mice (Fig. 3L ). WT and IL-21RKO mice showed no differences in physiological parameters under normoxia (Table S2 ). These findings suggest that IL-21R-deficient mice are resistant to HPH.
IL-6 Blockade Inhibits the Hypoxia-Induced Generation of M2 Macrophages
in the Lung. Alveolar macrophages undergo M2 macrophage polarization in response to hypoxia (19) . Therefore, we examined the effect of MR16-1 treatment on the macrophage polarization in the lungs after hypoxia exposure. First, we examined a temporal profile of cell (Fig. S2C) . The mRNA levels of Fizz1 (also known as "Relmα, resistin-like molecule-α"), an M2 signature gene, in the alveolar macrophages isolated from the BALF of C57BL6 mice after hypoxia exposure peaked on day 4, were declining on day 7, but remained elevated until day 14 after hypoxia exposure (Fig. 4A) , indicating that the hypoxia-induced M2 macrophage accumulation in the lung occurred 2 d later than the increase of IL-6 and IL-21 on day 2.
Next, we examined the mRNA levels of Fizz1 and other M2 signature genes, including Arg1 (arginase 1), Chi3l3 (chitinase 3-like 3), Mrc1 (mannose receptor, C type 1) and Cxcl12 (also known as "Sdf1") in the alveolar macrophages isolated from the BALF after mice were exposed to hypoxia for 4 d. Hypoxia induced significant M2 signature gene up-regulation in the mice treated with control antibody but not in those treated with MR16-1 (Fig. 4 B-F) . Similarly, hypoxia exposure for 1 wk induced a significant up-regulation of Fizz1 protein levels in the lungs of mice treated with control antibody but not in those of mice treated with MR16-1, as shown by Western blot (Fig. 4 G and H) and immunohistochemical ( Fig. 4 I and J) analyses. In contrast, there were no significant differences in the mRNA levels of M1 signature genes, including Nos2 (also known as "iNos"), Il-12β (Il-12p40), and Tnf-α, in control-and MR16-1-treated mice following hypoxia exposure (Fig. S3 A-C) . Notably, treatment with IL-6, soluble IL-6R (sIL-6R), or both IL-6 and sIL-6R had no effect on either M1 or M2 signature gene expression in the alveolar macrophages isolated from BALF (Fig. S4) . Collectively, these data indicate that IL-6 indirectly promotes the hypoxia-induced generation of M2 macrophages in the lungs.
IL-21 Is Indispensable for Hypoxia-Induced M2 Polarization of Alveolar
Macrophages in the Lungs. We hypothesized that IL-21, which has been reported to be majorly secreted from Th17 cells in mice, might play a role in the hypoxia-induced generation of M2 macrophages in the lung. IL-21 treatment of alveolar macrophages isolated from BALF significantly up-regulated the mRNA levels of M2 signature genes, such as Fizz1, Arg1, and Cxcl12 (Fig. 5 A-C) , but had no effect on the mRNA levels of M1 signature genes, including Nos2, Il-12β, and Tnf-α (Fig. S3 D-F) . These results indicate that IL-21 specifically induces the M2 polarization of alveolar macrophages.
We next examined the effect of IL-21R deletion on the hypoxia-induced up-regulation of M2 signature genes, including Fizz1, Arg1, and Cxcl12, in the alveolar macrophages isolated from the BALF after exposure to hypoxia for 4 d. All these genes were significantly up-regulated in the alveolar macrophages isolated from WT mice but not in those from IL-21RKO mice (Fig. 5 D-F) . Similarly, Fizz1 protein expression was increased in the lungs of WT mice but not in those of IL-21RKO mice after exposure to hypoxia for 1 wk (Fig. 5 G and H) . In contrast, M1 signature gene expression was comparable in the WT and IL-21RKO mice after exposure to hypoxia (Fig. S3 G-I) . Consistent with these findings, the hypoxia-induced generation of M2 macrophages in the lung was inhibited significantly by treatment with an anti-IL-21 neutralizing antibody but not by treatment with a control antibody (Fig. 5 I and J) . Collectively, these findings suggest that IL-21 is essential for hypoxia-induced M2 macrophage polarization in the lung.
IL-21-Induced M2 Macrophage Polarization Is Required for the HypoxiaInduced Proliferation of PASMCs in the Lung. We next investigated the molecular mechanism by which the IL-6/IL-21-signaling axis drives the proliferation of PASMCs after hypoxia exposure. Treatment with IL-6, sIL-6R, or both did not promote the proliferation of human PASMCs (HPASMCs), but treatment with FBS (5%) did (Fig. S5A) . Similarly, treatment with IL-21 did not increase the proliferation of HPASMCs (Fig. S5B) . Intriguingly, treatment with the conditioned medium of the alveolar macrophages that had been cultivated with IL-21 promoted HPASMC proliferation (Fig. 5K) , indicating that soluble factors secreted by the M2 macrophages may promote HPASMC proliferation. CXCL12 is a chemokine that stimulates vascular smooth muscle cell proliferation by binding to its receptor CXCR4 (23) . Treatment with a selective CXCR4 antagonist, AMD3100, significantly attenuated the proliferative effect of the alveolar macrophageconditioned medium on the HPASMCs (Fig. 5L) . We next examined the effect of IL-21 blockade on the in vivo hypoxia-induced proliferation of PASMCs. Hypoxia exposure significantly increased the number of anti-Ki67 antibody-positive PASMCs in the lungs of WT mice but not in the lungs of IL-21RKO mice (Fig. S5 C and D) . Consistent with this finding, hypoxia exposure significantly increased the number of antiphospho-histone H3 (p-HH3) antibody-positive PASMCs in the lungs of mice treated with control antibody but not in those treated with the anti-IL-21 neutralizing antibody (Fig. 5 M and  N) . Taken together, these data suggest that IL-21 plays a critical role in the hypoxia-induced proliferation of PASMCs in association with M2 macrophage skewing (see Fig. 7 ).
Increased Expression of IL-21 and M2 Macrophage Markers in the Lungs
of Patients with IPAH. To validate the clinical significance of our experimental findings, we performed immunohistochemical analyses of the lung tissues from patients with IPAH undergoing lung transplantation. Notably, an excessive infiltration of IL-21
+ cells was detected in the adventitia, obliterative intimal proliferative lesions, and plexiform lesions of the remodeled pulmonary arteries (Fig. 6 A and B) , and more moderate infiltration was detected in the alveolar areas of the lungs of IPAH patients (Fig. 6C) . In contrast, IL-21 + cell infiltration was barely detected in the lungs of the control patient (Fig. 6 A-C) . We also observed both Arg1 + and MRC-1 + cells in all layers of the remodeled pulmonary arteries and alveolar areas examined in the lungs from patients with IPAH but not in the tissue from control patients (Fig. 6 D-I) . Together, these findings strongly suggest that the IL-6/IL-21-signaling axis is essential for the pathogenesis of human PAH in association with M2 macrophage polarization (Fig. 7) .
Discussion Here, we demonstrate that IL-6 blockade by MR16-1 effectively prevented HPH in mice. IL-6 exhibited critical roles in the hypoxia-induced accumulation of Th17 cells and M2 macrophages in the lungs and in the up-regulation of IL-17 and IL-21, which are produced mainly by Th17 cells. Although treating mice with a neutralizing IL-17A antibody did not affect HPH development, IL-21R-deficient mice were resistant to HPH and showed no significant accumulation of M2 macrophages in the lungs. Intriguingly, IL-21 was found to promote the M2 polarization of alveolar macrophages in vitro. We also found enhanced expression of IL-21 and M2 macrophage markers in the lung specimens of IPAH patients. Collectively, these findings suggest that the IL-6/IL-21-signaling axis promotes the pathogenesis of PAH, in concert with the accumulation of M2 macrophages in the lungs (Fig. 7) . IL-6 blockade significantly inhibited the Th17-cell accumulation in the lungs after hypoxia exposure (Fig. 2) . IL-6, in cooperation with TGF-β, is reported to be critical for the differentiation of Th17 cells from naive CD4 + T cells (15, 24, 25) . A humanized monoclonal anti-IL-6R antibody, tocilizumab, is an efficacious therapeutic for patients with rheumatoid arthritis (26, 27) . Mechanistically, the protective effect of IL-6 blockade in autoimmune arthritis is attributed primarily to the inhibition of Th17 differentiation (28, 29) . Similarly, IL-6 blockade inhibits the induction of Th17 and Th1 cells in an animal model of multiple sclerosis (30) . A recent clinical study reported that genes related to IL-17 signaling were up-regulated significantly in lung specimens from patients with IPAH undergoing lung transplantation (31) . In addition, previous clinical studies reported that the IL-6 level in the serum or plasma correlated with the severity of pulmonary hypertension in the patients with IPAH and chronic obstructive pulmonary disease (9, 10, 32) . Collectively, these findings indicate that the IL-6/Th17-signaling axis plays a key role in the pathogenesis of inflammatory diseases, including PAH. IL-6 blockade by MR16-1 also abrogated the hypoxia-induced M2 macrophage polarization in the lungs (Fig. 4) . M2 macrophage polarization has been implicated in the pathogenesis of pulmonary hypertension (19, 33, 34) , and immunization with certain antigens evokes pulmonary arterial muscularization along with a Th2 response and the subsequent polarization of M2 macrophages (33) . Notably, the lung-specific transgenic overexpression of heme oxygenase-1 effectively inhibits the hypoxia-induced up-regulation of inflammatory cytokines (including IL-6), M2 macrophage accumulation, and the subsequent development of pulmonary hypertension (19, 34) . Taken together, these data suggest that IL-6 blockade may prevent HPH, at least in part, by inhibiting M2 macrophage polarization. IL-6 is reported to induce the up-regulation of IL-21 in naive and memory CD4 + T cells (35, 36) . In addition, IL-21 also is produced by Th17 cells and drives Th17 differentiation in an autocrine manner (36) (37) (38) . Here we found that hypoxia exposure induced transient expression of IL-6 and prolonged expression of IL-17 and IL-21 in the lungs (Figs. 1A, 2A, and 3A) . The prolonged induction of IL-17 and IL-21 may result from the autocrine production of IL-21 by Th17 cells. Taken together, these findings indicate that IL-21 may be critical for the sustained inflammation that promotes the development of pulmonary hypertension.
The involvement of IL-21 in M2 macrophage polarization has been reported previously (39, 40) . In a colitis-associated colon cancer model, IL-21RKO mice show less M2 macrophage infiltration into tumors than WT model mice (40) . IL-21RKO mice also exhibit a markedly reduced expression of several M2 macrophage-related genes in the lungs when infected with parasites, as compared with WT mice (40) . Here, we found that IL-21RKO mice were resistant to HPH and failed to accumulate M2 macrophages in the lungs after hypoxia exposure, unlike WT mice (Figs. 3 H-L and 5 D-F) . Furthermore, we found that the expression levels of IL-21 and of M2 macrophage signature genes were up-regulated in the lungs of IPAH patients (Fig. 6 ). This last finding supports the clinical significance of the link between the IL-6/IL-21-signaling axis and the pathogenesis of PAH suggested by the results of our animal studies.
In conclusion, our findings indicate that the IL-6/IL-21-signaling axis plays a critical role in the pathogenesis of PAH and suggest that this signaling axis may yield potential therapeutic targets for treating patients with PAH. 
Materials and Methods
Full experimental procedures and associated references are available in SI Materials and Methods.
Animals. All experiments were carried out under the guidelines of the Osaka University Committee for Animal and Recombinant DNA Experiments and the local Animal Ethics Committee of the National Cerebral and Cardiovascular Center Research Institute (Osaka) and also were approved by the Institutional Review Board of Osaka University and the National Cerebral and Cardiovascular Center Research Institute. Male C57BL/6 8-wk-old mice (average body weight: 21.4 g) purchased from Japan SLC, Inc. were used in the experiments. In most of the experiments examining the effect of IL-6 blockade, the mice were divided into four groups: normoxic control antibody group (n = 8), normoxic MR16-1 group (n = 8), hypoxic control antibody group (n = 10), and hypoxic MR16-1 group (n = 12). IL-21RKO mice were kindly provided by Warren J. Leonard, National, Heart, Lung, and Blood Institute, Bethesda (22) . IL-21RKO heterozygous mice were intercrossed, and male 8-wk-old littermates of WT and IL-21RKO mice were used in the following experiments. The average body weight of the male IL-21RKO mice was 21.5 g. In most of the experiments examining the effect of IL-21R deficiency, the mice were divided into four groups: normoxic WT group (n = 5), normoxic IL-21RKO group (n = 5), hypoxic WT group (n = 10), and hypoxic IL-21RKO group (n = 9). All mice were housed on a 12-h light/12-h dark cycle at 24 ± 1°C and were given standard mouse food and water ad libitum. The mice either were housed under standard normoxic conditions or were housed continuously in a hypoxic chamber (10% O 2 ) for up to 4 wk, except for a 5-min interval twice a week when the chamber was cleaned. The hypoxic gas mixture was delivered continuously to the chamber at a flow rate of ∼1 L/min. After chronic hypoxic exposure, the mice were subjected to hemodynamic recording and were killed for pathological analysis of the heart and lungs. 
were administered periodically to maintain a surgical level of anesthesia. Throughout the procedure, the body temperature was maintained at 37-38°C using a rectal thermistor coupled with a thermostatically controlled heating pad. The trachea was cannulated, and the lungs were ventilated with a mouse ventilator (Minivent Type 845; Harvard Apparatus) (42) . The inspirated gas was enriched with oxygen, and the ventilator settings were adjusted (tidal volume 6 μL/g; frequency ∼170-190/min). A polyethylene tube was inserted into the right external jugular vein and advanced into the right ventricle (RV) to measure right ventricular pressure (RVP). RVP signals were detected by a pressure transducer (MLT0670; AD Instruments), and the signals were relayed to pressure amplifiers (ML117; AD Instruments) and then were sampled continuously with a PowerLab system (AD Instruments) and recorded on a computer using Chart software (AD Instruments) (42) . Heart rate (HR) was derived from the right ventricular systolic peaks and was typically between 300 and 500 beats/min (bpm) under these conditions. If the HR fell below 300 bpm, the measurements were excluded from the analysis. Systemic arterial blood pressure was obtained noninvasively from conscious mice using a computerized tail-cuff system (BP-98A-L; Softron) as described previously (43) .
Western Blot Analysis. Frozen lungs were homogenized in 50 mM Hepes, 100 mM sodium fluoride, 2 mM sodium orthovanadate, 4 mM EDTA, 1% Tween-20, 0.1% SDS, and Complete protease inhibitor mixture (Roche Applied Science) using a Polytron homogenizer (PT 10-35GT; Kinematica) as described previously (44) . The precleared lysates then were resolved by SDS/ PAGE and subjected to Western blot analysis using a standard procedure with the following antibodies: anti-pSTAT3-Tyr705 (clone D3A7; Cell Signaling), anti-STAT3 (clone 79D7; Cell Signaling), anti-RELM alpha (Fizz1) (ab39626; Abcam), anti-IL-17A (sc-52567; Santa Cruz), and anti-IL-21 (MAB594; R&D Systems). An anti-β-tubulin antibody (T5201; Sigma-Aldrich) was used as the internal control. The blots were developed using HRP-coupled secondary antibodies (Cell Signaling Technology) and the ECL system (GE Healthcare).
Morphometric Analysis. After hemodynamic recording, the mice were killed by anesthesia overdose, and the heart was excised. The atria were removed, and the RV wall was separated from the left ventricle (LV) and septum. The tissues were blotted, weighed, and their weights normalized to a 100-g body weight. Fulton's index, the ratio of RV to LV + septum weight [RV/(LV + S)] was used as an index of right ventricular hypertrophy (45) . The lungs then were harvested for histological and immunohistochemical analyses. The pulmonary artery and trachea were perfused with 4% (wt/vol) paraformaldehyde (PFA) at constant pressure (100 cm H 2 O for the pulmonary artery and 25 cm H 2 O for the trachea) to distend fully the pulmonary blood vessels and airway, respectively. Excised lungs were fixed in 4% PFA overnight at 4°C and then were embedded in paraffin and cut into 4-μm-thick sections. For pulmonary vascular morphometry, paraffin-embedded lung sections were subjected to elastic Van Gieson staining. Images of arteries were captured with a fluorescence microscope (BZ-9000; Keyence). Morphometry was performed on lung sections obtained from five or six randomly chosen animals in each treatment group. Pulmonary remodeling was assessed by the percent wall thickness of parenchymal pulmonary arteries classified into the small arteries (terminal bronchioles) and arterioles (acini or alveolar ducts). The percent wall thickness was the medial wall thickness (the distance between the internal and external lamina) × 2 divided by the diameter of the vessel (the distance between the external lamina) × 100. For vessels with a single elastic lamina, the distance between the elastic and endothelial basement membrane was measured. Medial thickness was analyzed only for sectioned vessels exhibiting an approximately circular profile. The diameter of pulmonary arteries was determined by Image J software (National Institutes of Health). The percent wall thickness was calculated for at least 10 small pulmonary arteries and arterioles for each mouse.
Lung Specimens from Patients with IPAH. All the experiments using human specimens were approved by the Institutional Review Board of Osaka University, Suita, Japan. The lung tissues were obtained from four patients with IPAH undergoing lung transplantation and from a control patient undergoing surgery for lung cancer at a site far away from the tumor margins. All lung specimens were procured at Osaka University Hospital. Before surgery, all patients provided written consent for the use of their lung tissues for biomedical research. The resected lung tissues were fixed in 10% PFA. Patient characteristics are shown in Table S3 .
Histological and Immunohistochemical Analyses of the Pulmonary Vasculatures.
For the immunohistochemical analyses of murine lung tissues, samples were fixed in 4% PFA/PBS for 1 h, cryoprotected with PBS containing 5-20% sucrose, frozen in OCT compound (Sakura), and cut into 10-μm-thick cryosections as described previously (46) . Human lung samples, which were formaldehydefixed and paraffin-embedded, were cut into 5-μm-thick sections, deparaffinized, and rehydrated. The human sections were subjected to antigen retrieval either by heat induction in 10 mM sodium citrate buffer, pH 6.0, or by proteinase K digestion for 3 min. All lung sections then were washed in PBS, treated with 1% hydrogen peroxide in methanol for 30 min, incubated in blocking solution containing either 1% BSA or 5% skim milk in PBS and 0. Flow Cytometry Analysis. Lung tissue was incubated directly for 40 min to 1 h at 37°C in DMEM containing collagenase and DNase1 (1 U/mL) (Takara). The tissue suspensions then were pressed through a 40-μm mesh, pelleted, resuspended in PBS-F (PBS containing 2% FBS), and the cells were washed twice with PBS-F. The cells were preincubated with an antibody to CD16/32 to block Fcγ receptors and then were washed and incubated with the indicated fluorophore-conjugated antibody (CD4) for 30 min in a total volume of 100 μL PBS-F. For intracellular cytokine staining, the cells first were stimulated for 5 h in complete medium in the presence of 25 ng/mL phorbol12-myristate13-acetate, 1 μg/mL ionomycin, and 10 μg brefeldin A (Sigma-Aldrich) and then were stained for CD4, followed by fixation and permeabilization using the Mouse Foxp3 Buffer Set (BD Pharmingen) according to the manufacturer's instructions. After two washes, the cells were stained for 30 min on ice with fluorophore-conjugated antibodies (anti-IFN-γ, anti-IL-4, anti-IL-17A, anti-IL-21) or the appropriate isotype control antibodies. The purity of the cells isolated from BALF was assessed by using the fluorophore-conjugated antibodies against CD45, F4/80, and CD11c or the appropriate isotype control antibodies. qRT-PCR. Total RNA from the mouse lung or alveolar macrophages was extracted using TRIzol reagent (Invitrogen). qRT-PCR was carried out using the QuantiFast SYBRGreen RT-PCR kit (Qiagen) as described previously (47) . For each reaction, 80 ng of total RNA was transcribed for 10 min at 50°C, followed by a denaturing step at 95°C for 5 min and 40 cycles of 10 s at 95°C and 30 s at 60°C. Fluorescence data were collected and analyzed using an ABI PRISM 7900HT. The following primers were used: Gapdh: 5′-TCTCCA-CACCTATGGTGCAA-3′, 5′-CAAGAAACAGGGGAGCTGAG-3′; Fizz1: 5′-CCCTT-CTCATCTGCATCTCC-3′, 5′-AGGAGGCCCATCTGTTCATA-3′; Arg1: 5′-GTGAA-GAACCCACGGTCTGT-3′, 5′-CTGGTTGTCAGGGGAGTGTT-3′; Chi3I3: 5′-CCCA-CCAGGAAAGTACACAG-3′, 5′-GAGGGAAATGTCTCTGGTGA-3′; Mrc1: 5′-CG-CGAGGCAATTTTTAATCT-3′, 5′-ATTTGCATTGCCCAGTAAGG-3′; Cxcl12: 5′-GGTTC-TTCGAGAGCCACATC-3′, 5′-TAATTTCGGGTCAATGCACA-3′; Il17a: 5′-TCCAGAA-GGCCCTCAGACTA-3′, 5′-CTCGACCCTGAAAGTGAAGG-3′; Rorc: 5′-AACCAGG-CATCCTGAACTTG-3′, 5′-CGTAGAAGGTCCTCCAGTCG-3′; Cxcl1: 5′-GCCTATC-GCCAATGAGCTG-3′, 5′-TCTGAACCAAGGGAGCTTCA-3′; Cxcl5: 5′-CTGCCCCTT-CCTCAGTCATA-3′, 5′-TGGATCCAGACAGACCTCCT-3′; Il21: 5′-GGACAGTGGCCC-ATAAATCA -3′, 5′-CAGGGTTTGATGGCTTGAGT -3′; Il6: 5′-TGTGCAATGGCAATT-CTGAT-3′, 5′-GGTACTCCAGAAGACCAGAGGA-3′; Nos2: 5′-GCTCATGACATCGAC-CAGAA-3′, 5′-TGTTGCATTGGAAGTGAAGC-3′; Il12b: 5′-AGGTCACACTGGACCA-AAGG-3′, 5′-AGGGTACTCCCAGCTGACCT-3′; Tnf-α: 5′-TGCCTATGTCTCAGCCTCTTC-3′, 5′-GGTCTGGGCCATAGAACTGA-3′.
Statistics. All data are expressed as the mean ± SEM. Differences among multiple groups were compared by one-way ANOVA followed by a post hoc comparison tested with Scheffé's method. The Student's t test was used to analyze differences between two groups. P < 0.05 was considered statistically significant.
